The purpose of this study was to determine if 5-hydroxytryptamine released from aggregating platelets could be accumulated and released by canine coronary adrenergic nerves, and if the false neurotransmitter resulted in an abnormal response of the smooth muscle to nerve stimulation. Isometric tension was measured in rings of epicardial coronary suspended in organ chambers filled with physiological salt solution. The response to electrical stimulation or exogenously added norepinephrine was elicited after contraction with prostaglandin F2 alpha. Electrical stimulation and exogenous norepinephrine caused beta-adrenergic relaxation of control rings. However, after rings were exposed for 2 h to aggregating platelets or 5-hydroxytryptamine, electrical stimulation caused frequencydependent contractions. These contractions were prevented by the serotonergic antagonists, cyproheptadine or ketanserin, or by the neuronal uptake inhibitor, cocaine. The relaxation caused by exogenously added norepinephrine was unchanged after exposure to platelets or 5-hydroxytryptamine, indicating that smooth muscle alpha-and beta-adrenergic responsiveness was unchanged. The electrically stimulated overflow of radiolabeled norepinephrine from superfused strips of coronary artery was not altered by prior exposure to 5-hydroxytryptamine, indicating that the effect of exposure on the response to electrical stimulation is primarily at smooth muscle serotonergic receptors. Canine coronary arteries accumulated and metabolized radiolabeled 5-hydroxytryptamine in vitro. The accumulation of 5-hydroxytryptamine was inhibited by cocaine or by adrenergic denervation with 6-hydroxydopamine but unaffected by removal of endothelium, indicating that […] 
Introduction
The purpose of this study was to determine if 5-hydroxytryptamine released from aggregating platelets could be accumulated and released by canine coronary adrenergic nerves, and if the false neurotransmitter resulted in an abnormal response of the smooth muscle to nerve stimulation. Isometric tension was measured in rings of epicardial coronary arteries suspended in organ chambers filled with physiological salt solution. The response to electrical stimulation or exogenously added norepinephrine was elicited after contraction with prostaglandin F2L. Electrical stimulation and exogenous norepinephrine caused beta-adrenergic relaxation of control rings. However, after rings were exposed for 2 h to aggregating platelets or 5-hydroxytryptamine, electrical stimulation caused frequency-dependent contractions. These contractions were prevented by the serotonergic antagonists, cyproheptadine or ketanserin, or by the neuronal uptake inhibitor, cocaine. The relaxation caused by exogenously added norepinephrine was unchanged after exposure to platelets or 5-hydroxytryptamine, indicating that smooth muscle alpha-and beta-adrenergic responsiveness was unchanged. The electrically stimulated overflow of radiolabeled norepinephrine from superfused strips of coronary artery was not altered by prior exposure to 5-hydroxytryptamine, indicating that the effect of exposure on the response to electrical stimulation is primarily at smooth muscle serotonergic receptors.
Canine coronary arteries accumulated and metabolized radiolabeled 5-hydroxytryptamine in vitro. The accumulation of 5-hydroxytryptamine was inhibited by cocaine or by adrenergic denervation with 6-hydroxydopamine but unaffected by removal of endothelium, indicating that the adrenergic nerves were the primary site of accumulation. Electrical stimulation of superfused strips of coronary artery preincubated with radiolabeled 5-hydroxytryptamine caused the release of the intact indoleamine; this was blocked by the neurotoxin, tetrodotoxin. These studies suggest that 5-hydroxytryptamine liberated from aggregating platelets may be accumulated by coronary adrenergic nerve endings. Upon its release from the nerves as a false transmitter, the amine can activate serotonergic receptors on the smooth muscle and reverse the action of the adrenergic nerves from dilator to constrictor.
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Aggregating platelets contract isolated epicardial canine coronary arteries (1 (l0-7 M) and superfused as previously described (4, 10) . In brief, the strips were rinsed in fresh physiological salt solution and suspended under 3.5 g tension between two platinum wires for electrical stimulation. The strips were superfused at 3 ml/min with oxygenated physiological salt solution at 370C. After an initial washout period of 120 min, the superfusate was collected for 2-min intervals for determination of the overflow from the tissue of radioactive compounds. The strips were electrically stimulated for 6 min at 2 Hz (10 V, 0.2 ms), and thereafter superfused with control solution for 3 h or with 5-HT (101 M) for 2 h followed by a 1-h washout before a second 6-min stimulation. At the conclusion of the experiments, the strips were blotted dry, weighed, and the tritiated compounds were then extracted with I N acetic acid containing 0.03 mM disodium EDTA and 5 mM ascorbic acid (I1, 12). The tritiated compounds overflowing the tissue were quantitated as fraction released, calculated as the ratio of disintegrations per minute released per unit time to the total disintegrations per minute extracted plus disintegrations per minute released. In portions of the samples collected before and during each stimulation, tritiated norepinephrine was separated from its major metabolites as described previously (4, (10) (11) (12) . Evoked overflow of [3HJnorepinephrine was calculated as the overflow per milligram tissue during the 6-min stimulation minus that during the preceding 6 min. Accumulation ofradiolabeled 5-HT Segments of epicardial coronary arteries (-2 cm long, 22-72 mg) were incubated for 2 h in [14CJ-5-HT (I0O M). Some segments were previously denuded of endothelium (3). Other segments were denervated by twice exposing them to 6-hydroxydopamine (0.3 mg/ml, 10 minutes, at pH 4.9, 370C; 13). In additional preparations, neuronal uptake was blocked by a 15-min pretreatment with cocaine (3 X 1-' M). At the end of the incubation with [14C]5-HT, the radiolabeled compounds were extracted at 4°C for I h in two 2.5-ml aliquots of 0.1 N HCI containing ascorbic acid (0.1 mg/ml) (7). The pooled extraction media contained 95±1.0% (n = 8) of tritiated compounds as determined after tissue solubilization in Solulyte (J. T. Baker Chemical Co., Phillipsburg, NJ). The aliquots were pooled and frozen until intact radiolabeled 5-HT was determined chromatographically.
Overflow of radiolabeled 5-HT. Longitudinal strips of coronary arteries were incubated for 2 h in [3H]5-HT (10' M, adjusted specific activity, 2.8 Ci/mmol) after which the strips were superfused as described for measurements of norepinephrine overflow. After an initial washout period of 120 min, the superfusate was collected for 2-min intervals for measurement of the overflow of total radioactivity. Strips were stimulated three times for 6 min at 2 Hz (10 V, 0.2 ms), 36 min apart. The second stimulation was done after 30 min pretreatment with, and in the presence of, tetrodotoxin (10-7 M) . At the end of each experiment, the tritiated compounds were extracted from the tissue (0.1 N HCI) and fractional release was calculated as for norepinephrine. The tritiated compounds overflowing the tissue immediately before and during electrical stimulation were collected in tubes containing 0.5 ml I N HCI with cold 5-HT (10 pg/ml), cold 5-hydroxyindole acetic acid (5-HIAA) (10 pg/ml) and ascorbic acid (1 mg/ml), pooled, and a portion was frozen for the later determination of intact [3HJ5-HT (7 (14) and Verbeuren et al. (7) . In brief, the samples were thawed, the pH was adjusted to 6.5 with 0.5 N sodium carbonate, and the samples were passed through an Amberlite CG 50 column (0.5 X 8 cm) in the sodium form at pH 6.5. The resin was then washed with 5 ml water, the total effluent contained the 5-HIAA fraction. Radiolabeled 5-HT was eluted with 2 X 5 ml 6 N HCO-ethanol Drugs were dissolved in distilled water such that volumes < 0.5 ml were added to organ chambers; concentrations are expressed as final molar concentration.
Statistical analysis. The data were expressed as means±SEM. Unless otherwise noted, statistical evaluation was by t test for unpaired two-tailed comparisons between responses of different tissues; n refers to the number of dogs from which tissues were studied. The geometric means of the IC50's are reported. P values < 0.05 were regarded as significant.
Results
Responses to electrical stimulation and exogenous norepinephrine of coronary arteries after exposure to platelets or S-HT. After exposure of left circumflex coronary rings for 2 h to aggregating platelets, electrical stimulation from 0.5 to 4 Hz caused contractions that significantly exceeded the tension caused by prostaglandin F2a (Fig. 1) . In contrast, relaxations in response to from 0.5 to 16 Hz occurred in rings exposed for the same duration to control solution or platelet supernatant. Electrical stimulation from 0.5 to 4 Hz also caused contractions of left circumflex rings exposed to 5-HT (10-6 M) for 2 h. Higher frequencies of stimulation tended to cause relaxation of rings exposed to aggregating platelets or 5-HT, but these were significantly less than those observed in rings exposed to control solution or platelet supernatant. At 1 and 2 Hz, the relaxations of rings exposed to platelet supernatant were significantly less than of those exposed to control solution.
After exposure to aggregating platelets or 5-HT, left circumflex rings relaxed in response to exogenously added norepinephrine. The sensitivity to norepinephrine was unchanged (log IC50: before platelet exposure, -6.9±0.1; after exposure, -6.9±0.1, n = 9, P > 0.5 by paired t test; before 5-HT exposure, -7.3±0.1; after exposure, -7.2±0.1, n = 5, P > 0.5).
Exposure of branch artery rings to 5-HT (10-6 M) for 2 h resulted in stimulation-induced contractions not significantly different from those observed in left circumflex rings; branch arteries exposed to control solution relaxed when stimulated (4 Hz: control solution, -37±7.8 (n = 4); 5-HT exposed, + 12±13 (n = 5), percent change in prostaglandin F2a-induced tension).
Effect of serotonergic antagonists and cocaine on the responses of coronary arteries after exposure to platelets or S-HT. The contractions in response to electrical stimulation observed in left circumflex rings exposed to platelets did not occur when the rings were treated with cyproheptadine (10-6 M, n = 6) or ketanserin (10- the presence of either antagonist were not significantly different from those observed in rings exposed to control solution alone. In the presence of ketanserin, the stimulation-induced relaxations (0.5-16 Hz) of rings exposed to platelets were abolished by propranolol (10-6 M, n = 2). Ketanserin (1o-6 M) also abolished the stimulation-induced contractions of rings exposed to 5-HT (10-6 M) and resulted in frequency-dependent relaxations (n = 6). Relaxation in response to exogenously added norepinephrine after exposure to platelets occurred with significantly increased sensitivity in the presence of ketanserin (10-6 M) but not of cyproheptadine (log IC5o: without antagonist, -6.9±0.1, n = 9; ketanserin, -7.4±0.1, n = 6, P < 0.025; cyproheptadine, -7.1±0.1, n = 5, P > 0.2). Ketanserin also significantly increased the sensitivity to norepinephrine after treatment with 5-HT (log IC50: without antagonist, -7.2±0.1, n = 5; ketanserin, -7.7±0.1, n = 5, P < 0.025).
Treatment with cocaine (3 X 10-5 M) significantly increased the relaxations of left circumflex rings in response to low frequency stimulation (Table I ). The neuronal uptake inhibitor abolished the stimulation-induced contractions after exposure to 5-HT (10-6 M). When compared with the response of rings treated with cocaine alone, the response of rings exposed to Influence of endothelium on responses to electrical stimulation after exposure to platelets. When rings denuded of endothelium were exposed to aggregating platelets for 2 h, the responses to electrical stimulation were not significantly different from those shown in Fig. 1 for rings with intact endothelium (n = 6, data not shown). (Table II) (2 Hz) caused an increase in the fractional release of radiolabeled compounds (Fig. 2) . The release of tritiated compounds was solely due to the stimulation evoked overflow of intact [3H]5-HT, as no significant evoked overflow of [3H]5-HIAA occurred (Fig. 3) . Tetrodotoxin (10-7 M) abolished the fractional release of tritiated compounds and the overflow of [3H]5-HT evoked by electrical stimulation (Figs. 2 and 3 ).
Discussion
Responses to nerve stimulation. The method of transmural electrical field stimulation used in this study has previously Cocaine potentiated the response to electrical stimulation of left circumflex artery rings, an effect that is probably due to its inhibition of norepinephrine re-uptake into sympathetic nerve endings (17, 18) . The greater relaxation might explain why cocaine prevented the contractions caused by exposure to 5-HT. However, the response of rings stimulated in the presence of cocaine was inhibited by previous exposure to 5-HT, an effect that was lessened by treating the rings with cocaine before exposure to the amine. This suggests that the effect of 5-HT on the response to electrical stimulation in these studies depends on its neuronal uptake.
Responses to exogenous norepinephrine. The coronary arteries retained a normal response to exogenously added norepinephrine after exposure to aggregating platelets and 5-HT. This excludes the possibility that the altered response to nerve stimulation after exposure is due to a change in alpha-or betaadrenergic sensitivity of the coronary smooth muscle to norepinephrine released by the nerves. Ketanserin caused an increase in the sensitivity to norepinephrine to an extent similar to that shown previously to be caused by phentolamine (4) , suggesting that this effect of ketanserin may be due to its known alpha-adrenoceptor blocking properties (15) . Since cyproheptadine did not change the sensitivity to norepinephrine, it is probable that ketanserin antagonized the effects of exposure to platelets and 5-HT due to its serotonergic rather than its alpha-adrenergic properties. The lack of a significant role for alpha-adrenoceptors in the effects of exposure to 5-HT is further suggested by the contractions observed in branch arteries exposed to the amine, since this vessel is devoid of an alpha-adrenergic contractile mechanism (4) .
Accumulation, metabolism, and release of 5-HT. The fact that cocaine inhibited the accumulation of radiolabeled 5-HT by coronary arteries suggests that the amine is concentrated in adrenergic nerve terminals. This is further suggested by the similar inhibition of accumulation observed in coronary arteries denervated by 6-hydroxydopamine (13) . Despite the fact that most 5-HT is apparently accumulated by adrenergic nerves, the metabolism of the amine, under the conditions studied, is largely extraneuronal, since the metabolism was unchanged in cocaine-treated or denervated arteries. Since an insignificant portion of the accumulation and metabolism of 5-HT occurred in endothelium, it is likely that the smooth muscle is largely responsible for its metabolism. The electrically stimulated release of radiolabeled 5-HT that was blocked by tetrodotoxin indicates that after its accumulation, the intact indoleamine is released by coronary adrenergic nerves. 5-HT as afalse neurotransmitter. The present study suggests that, during exposure of coronary arteries to aggregating platelets, 5-HT is accumulated by adrenergic nerves and that the response ofcoronary arteries to subsequent electrical stimulation is abnormal due to neuronal release of the false neurotransmitter. The neurogenic contractions observed probably result from the neuronally released indoleamine acting at serotonergic receptors on the smooth muscle. When the contractions are blocked by ketanserin, the observed beta-adrenergic relaxations suggest that accumulated 5-HT is released as a cotransmitter with norepinephrine. In the absence of the serotonergic antagonist, the action of released norepinephrine is overcome by that of It has been shown previously that 5-HT released by platelets acts at endothelial cell serotonergic receptors to inhibit the contractions of coronary smooth muscle that occur during exposure to aggregating platelets (1) (2) (3) . Since neurogenic serotonergic contractions after exposure to platelets were not greater in coronary rings denuded of endothelium, neuronally released 5-HT apparently does not activate the endotheliumdependent inhibitory mechanism. This observation is similar to that made previously pertaining to the cholinergic neurotransmitter, acetylcholine; the exogenously added, but not the neuronally released transmitter, causes endothelium-dependent relaxation of coronary smooth muscle (10) .
It is known that when most adrenergically innervated blood vessels are exposed during electrical stimulation to 5-HT, the release of norepinephrine and, consequently, the response of the tissue are inhibited (19, 20) . The coronary arteries in this study were washed repeatedly after exposure to aggregating platelets and 5-HT; this was done to remove from the tissue free vasoactive substances that could have direct effects on neurotransmission. There was no difference in the stimulated overflow of [3H]norepinephrine from coronary strips after exposure to 5-HT, suggesting that 5-HT accumulated by and released from the nerves exerts little effect on neurotransmitter release. This further indicates that the released false neurotransmitter prevents relaxations in response to electrical stimulation predominantly by acting at smooth muscle 5-HT receptors.
Endothelial damage is known to result in platelet aggregation on subintimal connective tissue and smooth muscle, and release of platelet vasoactive substances at diseased sites on blood vessels is thought to play a role in angina pectoris and myocardial infarction (21, 22 
